Abstract Janicot and Sultan (Geophys Res Lett 28(3): [523][524][525][526] 2001) and Sultan et al. (J Clim 16(21):3389-3406, 2003) showed evidence of an intraseasonal signal of Sahelian rainfall corresponding to wet and dry sequences of the West African Monsoon. Using NCEP/NCAR reanalysis, NOAA outgoing longwave radiation (OLR) and observed daily rainfall over West Africa from 1968 to 1990, this paper investigates the variability of 3 to 5-day African Easterly Waves (AEWs), convection and their relationship with rainfall in these wet and dry sequences. The mean daily value rainfall during wet sequences is twice the mean value during dry sequences but the number of dry or wet sequences per year is not correlated with the annual rainfall. Wet sequences account for 39% of the annual accumulated rainfall while dry sequences account for 22%. The number of 3 to 5-day AEWs increases during wet years in wet sequences and the activity tends to be larger during wet years in both wet and dry sequences. These AEWs explain 40% of the accumulated rainfall during wet sequences whereas they contribute to 26% of the accumulated rainfall observed during dry sequences. Generally, they contribute to the increase of rainfall during these sequences. Mean convection is stronger and there are twice as many low OLR days (<225W/m 2 ) during wet than dry sequences. The mean rainfall for days with high convective activity (convective days) is also twice as great during wet sequences. Rainfall that occurs during days without low OLR (weak convection with warm cloud tops or isolated deep convection) contributes to 69% of the total rainfall during dry sequences and 45% during wet sequences. A composite study was performed from day D 0 À10 to day D 0 +10 in each sequence. Wet (dry) sequences of the African monsoon start with a decrease (slight increase) of the negative meridional Ertel Potential Vorticity (PV) gradient at 700 hPa, associated with an increase (decrease) of the spectral density of AEWs. During the wet sequence, the African Easterly Jet (AEJ), detected by 700 hPa zonal wind, decreases and moves northward, whereas the Tropical Easterly Jet (TEJ), detected at 200 hPa, increases and shifts southward. Convective activity increases from D 0 À6 to D 0 À3 and remains high for 4 days in wet sequences. The daily rainfall increases (decreases) between D 0 À6 and D 0 and returns to the mean value at D 0 +4 for wet (dry) sequences.
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Introduction
Several studies have analysed the rainfall variability over West Africa. Janicot and Sultan (2001) and Sultan et al. (2003) showed that on intra seasonal time scales (10-60 days period) there are large and coherent fluctuations in the wind field at 925 hPa and in the rainfall, over the Sahel. With a composite analysis, they found wet and dry sequences in the West African monsoon corresponding to dates of maximum (minimum) of a regional rainfall index and that these sequences belong to a quasi periodic signal of about 20 days. These wet (dry) sequences in the West African monsoon are associated with a westward propagation of cyclonic (anticyclonic) circulation in the wind field at 925 hPa consistent with positive (negative) rainfall anomalies over the Sahel and with a stronger (weaker) moisture advection over West Africa. The origin of such fluctuations in the West African monsoon and the interaction with synoptic disturbances such as 3 to 5-day African Easterly Waves (AEWs) are not well understood.
The AEWs are known to be important features of the West African climate with a maximum impact on convection and rainfall during summer (Burpee 1972; Duvel 1990; Diedhiou et al. 1998 Diedhiou et al. , 1999 . AEWs propagate westward with a wavelength of about 3,000 km and a 3 to 5-day period. They can provide a favourable environment for generating rainfall in particular by contributing to the organisation of squall lines or mesoscale convective systems (Burpee 1974; Reed et al. 1977; Fink and Reiner 2003; Mathon et al. 2002a ). According to Grist (2002) , the period of wave activity tends to be longer during wet years. Using data from stations based in West Africa between 1953 and 1978 , Taleb and Druyan (2003 showed that rainfall associated with the AEWs accounted for 30-40% of total rainfall. The total precipitation at each station was uncorrelated with the number of days affected by the AEWs and with rainfall associated with these days. There are several examples of drought years with many AEWs and of wet years with relatively few AEWs suggesting that the link between waves and rainfall is not direct at the inter-annual timescale.
Previous studies have shown that mesoscale convective cloud systems can explain up to 90% of the total rainfall over the Sahel Laurent et al. 1998; Mathon et al. 2002b) . Convective systems are known to interact with synoptic atmospheric disturbances such as the AEWs and to be located mainly in and ahead of the wave trough at these latitudes (Diedhiou et al. 1999; Mathon et al. 2002a; Fink and Reiner 2003) or mainly in the south sector more poleward (Duvel 1990; Taylor et al. 2005; Gu et al. 2004) . At the inter-annual timescale, Le Barbe´and Lebel (1997) showed that the rainfall variability over the Sahel is explained by the change in the number of convective systems whereas the average rainfall per rainy convective event does not change. Lebel et al. (2003) showed that the change in the number of convective rainy systems between the wet and the dry period over the Sahel (1950s vs. 1980s ) is not associated with a change in the number of AEWs.
This study aims to investigate the variability of AEWs, convective activity and their relationships with rainfall in wet and dry sequences of the West African Monsoon using National Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis, ontgoing longwave radiation (OLR) from National Oceanic and Atmospheric Administration (NOAA) and observed daily rainfall database of Institut de Recherche pour le Developpement (IRD) over West Africa from 1968 to 1990. The physical characteristics and the impact of these sequences are investigated at interannual and intra seasonal time scales. Figure 1 shows West Africa and the study area. The highlighted grey rectangle area shows the Sahel region as defined by Janicot and Sultan (2001) and the highlighted black rectangle area indicates the Niamey grid box at 2.5°resolution.
The data and methodology used for AEWs detection used are presented in the next section. Section 3 distinguishes the wet and dry sequences of the West African monsoon using wavelet transform analysis of observed rainfall. Section 4 aims to analyse, in each phase, the variability of AEWs in terms of number and activity and how they are associated with the rainfall. In the following section, the convective activity approximated from NOAA OLR is analysed in each sequence and in Sect. 6, a mean temporal study is performed to analyse interactions between AEW, convective activity and rainfall in wet and dry sequences of the West African monsoon.
Datasets and methodology

Datasets
Independent and consistent datasets have been used in this study. The NCEP/NCAR have completed a reanalysis project with a constant version of the Medium-Range forecasting model (Kalnay et al. 1996) . This dataset consists of a reanalysis based on the global observational network. In this study, meridional, zonal and vertical wind components and temperature are used. Daily data is reported on a 2.5°grid box resolution, with 17 pressure levels from 1,000 to 10 hPa covering the period from 1968 to 1990.
Daily rainfall data were obtained from the IRD, the Agence pour la Securite de la Navigation Aerienne en Afrique et a Madagascar (ASECNA) and the Comite Interafricain d'Etudes Hydrauliques (CIEH). These data, available for the period 1968-1990, include more than 1,300 stations for the period 1968-1980 and between 700 and 860 stations for the period 1981 -1990 (Sultan et al. 2003 . These daily rainfall station data are interpolated onto the NCEP/NCAR grid by assigning each station value in the nearest grid point and averaging all the values in each grid point (Diedhiou et al. 2001) . Each raingauge gives a daily value calculated between 0600 and 0600 local time the next day.
Since 1974, polar orbital NOAA satellites have been measuring outgoing longwave radiation (OLR), at the top of the atmosphere. The daily OLR is obtained from two daily values averaged over a 2.5°to 2.5°grid since 1974 (Gruber and Krueger 1974) . The interpolated OLR dataset provided by the Climate Diagnostic (Liebmann and Smith 1996) . In this study, the period 1974-1990 is used (without 1978, not available). In tropical areas, deep convection, associated with high top clouds, can be detected by low OLR. This radiation can be associated with large mesoscale convective activity known to explain more than 90% of rainfall over the Sahel Laurent et al. 1998; Mathon et al. 2002b ).
Methodology
The Wavelet analysis method with Morlet mother wavelet described by Torrence and Compo (1998) or Weng and Lau (1994) , is used to decompose in time and frequency the daily meridional component of the NCEP/ NCAR reanalysis wind field at 700 hPa performed on the Niamey grid box. In this study, only the variability of 3 to 5-day period of AEWs known to be active during the rainy season is considered. Six to 9-day period waves that occur mainly in the beginning and at the end of the rainy season (Diedhiou et al. 1999) are not considered. The daily energy of the wavelet transform averaged between 3 and 5-day period and the associated standard deviation are computed. Days with wavelet energy on the Niamey grid box larger than the average plus the standard deviation are supposed to be affected by AEWs. This selection is close to that obtained with the method of significant energy values in the wavelet transform modulus as done by Torrence and Compo (1998) and easer to compute. The spatial and temporal evolution of the spectral density have been studied showing that each grid box reflects a good space-time correlation. This local detection can evaluate the AEWs activity which is defined at the synoptic scale. A more regional analysis of AEWs (i.e. mean spectral density over the Sahel area, for instance) would select wave events not affecting the Niamey region.
During the rainy seasons of the 1968-1990 period (2,829 days), on the Niamey grid box, 973 days were associated with spectral density larger than the threshold and called hereafter AEW. The mean number of AEWs per year (42) is comprised between those found previously by Diedhiou et al. (1999) in NCEP/NCAR and in ECMWF reanalysis (29 days per year) and those found by Taleb and Druyan (2003) using radiosounding data (70 days per year). As the aims of this study are to compare, between wet and dry sequences, the global impact of AEWs and the activity of AEWs, wave sectors have not been distinguished. We verified that there is a quasi equitable distribution between favourable convection sector at 12.5°N (northward flux and talweg) and the others wind sectors (Southward flux and ridge).
Wet and dry sequences of the monsoon flow
The active sequences of the monsoon flow in West Africa are computed considering studies of Janicot and Sultan (2001) and Sultan et al. (2003) which have evidenced a large fluctuation in the precipitation field at the intra-seasonal time scale (10-60 days period) over the Sahel (10°W-10°E, 12.5°N-15°N). However their criteria of selection have been adapted here by modifying the filtering band.
Wavelet Analyse method with Morlet mother wavelet is used to exhibit the time and frequency distribution of the rainfall signal. Figure 2 shows the wavelet analysis of rainfall at the Niamey grid box (12.5°N, 2.5°E) for two distribution of spectral density: year 1989, top of figure and year 1986, bottom of figure. Note that these distribution are typical, in the 25-100 day period, for two groups of years; 1972, 1973, 1977, 1978, 1984 and 1987 for (a); 1969, 1970, 1975, 1979, 1980, 1981, 1983, 1985, 1988 and 1990 for (b) . These year distribution in two groups is not linked with the annual accumulated rainfall. The distribution of 10 to 85 day spectral density are very close in 1978, wettest year in the Niamey grid box, and in 1984, the driest year.
The annual cycle is depicted in Fig. 2 with a period larger than 150 days for the two types of distribution. In the first group of years (and especially in 1989), a maximum is located between 10 and 60 days. Thus, the boundary between annual and interannual cycle chosen by Janicot and Sultan (2001) is well suited to these years. Nevertheless, in the second group (with 1986), a second maximum appears between 60 and 85 days. Janicot and Sultan (2001) carried out their wavelet analysis with the average of daily rainfall over the whole Sahel domain and they obtained a weak signal in the 60-85 day band. But when wavelet analysis are performed over each grid box of the Sahel domain, we note, some years and on some grid box, that there is a clear and strong signal in this band period. Thus, we consider 60-85 day period signal, large during 11 years in the Niamey grid box, as an intra seasonal signal.
Daily observed rainfall in the domain 10°W-10°E and 12.5°N-15°N from June to October is filtered between 10 and 85 days, with Kaiser-Bessel windows, and the output signal ðRain 10À85day Þ is considered as the intra seasonal cycle. The filtered signal for periods greater than 85 days ðRain >85day Þ is the seasonal cycle. From these two filtered signals, the index of monsoon activity (I) as defined by Janicot and Sultan (2001) and Sultan et al. (2003) becomes:
This index varies approximately from 0 to 2; a value of 1 is the average of this ratio and indicates no intra-seasonal signal. This index has a quasi symmetrical distribution around 1. We define date of wet (or dry) sequence of the monsoon flow when this index reaches a maximum larger than 1.3 (respectively a minimum smaller than 0.7). Outside the rainy season (before 1 June or after 30 September), the rainfall seasonal signal is too weak to correctly detect any sequence. Thus, dates of sequences are analysed only over the 1 June 30 September period. Due to the change of the filtering band, the number of sequences have been slightly increased in comparison with Janicot and Sultan (2001) . We found 96 wet sequences compared to 89 and 113 dry sequences compared to 110 between 1968 and 1990. The dates of the sequences are basically the same. The start and the end of the wet (dry) sequences are defined by the crossing of the rainfall index at I=1 before and after the date of the maximum (minimum), or in case of a break or change in the index evolution. Figure 3 shows, for the year 1971, the mean observed rainfall over the Sahel (from 10°W to 10°E and from 12.5°to 15°N, black bar at the top of figure), the filtered signal for periods longer than 85 day (annual cycle, grey line), the rainfall index (black curve) and wet and dry sequences (grey bar). A wet sequence occurs when the rainfall index is maximum and larger than 1.3 (observed in 1971 on 19 June, 5 July and 25 August). Note that an observed rainfall peak due to squall lines for example is not systematically associated with a wet sequence (e.g., August 1). These wet sequences of the West African monsoon are due to a large scale signal associated with several rainy days while dry sequences are associated with strong and sustained reduction of rainfall (e.g., 25 July with weak rainfall during 9 days). Note that on the 18 July, the beginning of a dry sequence was shifted according to a change of the index evolution.
For the 23-year period, the probability of wet and dry sequences during the rainy season were computed at 15 day time step (Fig. 4a) . Fifty-five percent of dry sequences occur around the beginning and the end of the season and maximum probability of presence in wet sequence is 40% between 15 August and 1 September. The 80% confidence level (error bars in Fig. 4a ) computed on the 23 years, show that two fortnights have a significantly larger probability of presence of dry sequence than wet sequence (15 June-30 June and 15 September-30 September). However, during the other period of the rainy season, differences are not significant enough to show a trend in distribution and suggest that the repartition of the two active sequences during the rainy season is quite random, with 31 and 37% mean probability of having a wet or a dry sequence in each fortnight, respectively.
The number of sequences is about 4-5 per year for each sequence and the mean duration is similar, about 9.5 days for both wet and dry sequences. Note that the duration of a sequence corresponds to the half of the period of oscillation. The inter-annual variability of the frequency of wet and dry sequence days per rainy season is shown in Fig. 4b . The annual frequency of days per rainy season varies from 0.18 to 0.53 (0.24 to 0.62) for wet (dry) sequences. The mean number of days in inactive sequences (neither wet or dry sequence) is about 40 per year (1/3 of rainy season, not shown). The number of days in dry sequences is larger because the occurrence of dry sequences and their duration are larger, except for 5 of the 23 years (1974, 1979, 1985, 1986 and 1990) . The inter-annual variability of the frequency of days per rainy season in each sequence is not linked with the annual rainfall variability (black curve in Fig. 4b ) as shown previously by Sultan (2002) . Some wet years (1975, 1978 and 1988) have a large number of dry sequences or weak wet sequences. Between 1 June and 30 September in the 1968-1990 period, 1,051 days occurred in dry sequences and 869 days in wet sequences. Thus, 68% of 2,829 days are affected by these active sequences. The large number of days affected by the different monsoon sequences during the rainy season illustrates the importance of the dynamics of the West African monsoon at intraseasonal timescales. On average for the 23 year period, the mean daily rainfall in wet sequences was 5.0 mm/day, the dry sequences produced 2.3 mm/day and the inactive sequences 3.7 mm/day (39, 22 and 29% of the annual accumulated rainfall, respectively). The average rainfall in wet sequences is 2.1 times greater than in dry sequences, which is in agreement with Sultan et al. (2003) . The ratio of mean rainfall in wet sequences to mean rainfall in dry sequences can vary from 1.3 to 3.6 (respectively in 1973 and 1970, not shown) .
In general, the accumulated rainfall is weakly linked with the mean daily rainfall in inactive sequences (r=0.53) but quite well linked with the mean daily rainfall in the two active sequences (correlation coefficient of 0.69 and 0.78 for wet and dry sequences). Four of the five wettest years (1969, 1974, 1978 and 1988) have a mean daily rainfall in wet and dry sequence larger than the mean on the 23 years of each active sequence. The four driest years (1973, 1983, 1984 and 1987) have the weakest mean daily rainfall in the two active sequences.
AEWs in wet and dry sequences
The observations of AEWs interaction with active sequences on the moonson flow are analysed in the Niamey grid box. Table 1 gives the probability of presence of days affected by AEWs or not, during each sequence in the summer season (1 June-30 September) on the Niamey grid box. AEWs are more frequent during wet than dry sequences (12.4 vs. 10.2%) but on the interannual timescale some wet sequences have many AEWs (1978 and 1988) and during three other wet years (1969, 1975 and 1976) the AEWs occurrences are weak and sometimes smaller than the average of the 23 years (not shown). Between two wet years (e.g. 1969 and 1988) , this number can be very different (8 and 16, respectively) and the AEWs number during dry sequences can be larger in a dry year than in a wet year.
When considering the total number of days in each sequence, Table 2 shows that 40% of days in wet sequences are affected by AEWs and only 27% of days in dry sequences. The proportion of AEWs in inactive sequence is similar to the mean proportion of the whole rainy season (around one-third of the total number of days).
In summary, whereas the occurrence of AEWs has a great interannual variability and is generally quite similar in wet, dry and inactive sequences, the proportion of days affected by the AEWs, in comparison with total wet or dry sequence days, is larger in wet sequences than in dry sequences. This tendency has been confirmed with a significativity test based on 100,000 random distribution of 973 or 1,856 days (representing days with or without AEWs, respectively) in three groups (WET/DRY/ INACTIVE). We obtain a mean difference of days in these groups very close to 0 and the 80% confidence level of the difference equal to 32 and 44 days for days with AEWs and days without AEW, respectively. Thus, except the difference of days between wet and inactive (a) (b) Fig. 4 sequences for days with AEWs (Table 1 , 17 days), the differences of days are significant.
At the inter-annual timescale, correlations between occurrences of AEWs and annual accumulated rainfall are weak (0.22 and 0.18 respectively for wet and dry sequences, not shown). This weak correlation between the AEWs number during the monsoon sequences and the annual accumulated rainfall means that the AEWs number cannot explain the rainfall variability both at the intra seasonal and inter-annual scale. This is also in agreement with the results of Taleb and Druyan (2003) .
The mean daily rainfall associated with wet and dry sequences is given in Table 3 . During wet sequences, AEWs generate 6.46 mm/day and days without AEW, 5.96 mm/day. There is an increase of 0.5 mm/day (+8%). The difference in mean daily rainfall between days with or without AEW in dry sequences is 0.32 mm/ day, which corresponds to a 10% increase. This difference is even smaller during inactive sequences: +0.27 mm/day, i.e. 6% increase. During the summer season considered here (123 days/year), the accumulated rainfall during AEWs or not shows a difference of about 0.7 mm/day (+14%); this difference means 86 mm/year. Thus, the AEWs tend to increase the average mean daily rainfall, especially during wet sequences. These results are confirmed by a significance test. 100,000 random distributions were made of daily rainfall for each sequence, in two groups (AEWs/NO AEW). The size of the two groups were similar to the proportion of days obtained in Table 1 . The mean difference of daily rainfall between the two groups, after 100,000 draws, is very close to 0 and the standard deviation is lower than our results in the wet sequence, the dry sequence and the total period (the standard deviation of the random distribution were 0.41 mm, 0.25 mm and 0.21 mm compared to 0.5 mm, 0.32 mm and 0.7 mm, respectively in the composite study). Thus, we consider that the differences are significant. During inactive sequences, the standard deviation of the difference between 100,000 random distribution of mean daily rainfall in two groups is larger than our results (0.38 mm compared to 0.27 obtained) showing that this result is not significant in this case.
Even if the number of AEWs can not explain the interannual and intra seasonal variability of accumulated rainfall in the Niamey grid box, a significant increase of rainfall days associated with these AEWs is observed. Figure 5 shows the long term period anomaly, from 1968 to 1990 average, of AEWs activity estimated from the spectral density of meridional wind at 700 hPa. The mean activity of days associated with AEWs during the 23 years is rather similar during wet and dry sequences of the West African monsoon (42.4 and 40 m 2 /s 2 , respectively). At the inter-annual timescale, the AEWs activity in each sequence is not correlated with the total accumulated rainfall (respectively r=0.31 and 0.12). Nevertheless the AEWs activity in the two active sequences tends to be larger than the average during wet year (1969, 1974, 1977, 1978) and smaller during dry years (1972, 1973, 1982, 1983, 1984, 1987) .
The contribution of accumulated rainfall during AEWs in wet or dry sequence to the accumulated rainfall during each active sequence is plotted in Fig. 6 . The mean contribution of these AEWs represents 29% of dry sequences and 42% of wet sequences. Rainfall contribution of AEWs in wet sequences is closely linked to the AEWs number. 1971, 1973 and 1982 have the weakest contribution of accumulated rainfall during AEWs and the weakest days number of AEWs. On the contrary, 1980, 1986 and 1988 show high values in the two cases. The number of days in wet sequence is the largest in 1974 (Fig. 4b) . That is why the contribution of AEWs is low this year whereas the numbers of AEWs is important. In 1977 there was a large contribution of accumulated rainfall during AEW in the dry sequences rainfall (78%) due to a large number of AEWs (28 days, not shown).
In summary, the activity of AEWs, as well as the number of AEWs, has a great interannual variability which is not significantly correlated with the annual accumulated rainfall. Moreover, a significant portion of annual rainfall is associated with the AEWs in the two active sequences in the Niamey grid box. During wet sequences, the number of AEWs is larger than during dry sequences and when AEWs are detected, the daily rainfall tends to increase. 5 Convective activity in wet and dry sequences of the monsoon flow Figure 7a shows the mean convective activity using NOAA-OLR data (OLR axis is reversed) during wet or dry sequences of the West African monsoon from 1975 to 1990, except 1978 (OLR data are not available for this year). During this period, the satellite overpast was at 0730UTC and 1930UTC most of the time (Waliser and Zhou 1997) . The raingauges give the daily rainfall between 0600UTC and 0600UTC the next day. As the rainfall over Niamey shows a maximum at the end of the night (at Day+1) due to the propagative nature of mesoscale convective systems (Mathon et al. 2002b) , the rainfall recorded on D day is associated with the convection recorded on D day and D+1 day. In order to match OLR and rainfall, we decided to replace the daily OLR on D day by the average over D and D+1 days. OLR in wet sequences is always smaller than in dry sequences meaning that convection is deeper. This confirms results shown by Janicot and Sultan (2001) , Sultan et al. (2003) . The mean OLR during inactive sequences (not shown) remains close to the average of the both active sequences. At the inter-annual time scale, there is a weak correlation between the annual rainfall and the mean radiation during wet sequences (r=À0.3) and also during dry sequences (r=À0.4). In 1976, the mean OLR in wet sequences presents high values (245 W/m 2 ) showing that rainfall in a wet sequence is not only due to deep clouds with cold top but rather that the contribution of shallow convection or monsoon clouds to this mean OLR is significant. The rainfall efficiency is calculated in the next part.
The days dominated by deep convection, also called convective days hereafter, are selected as those when OLR is smaller than 225 W/m 2 . This threshold has been chosen following Matthews (2004) (210 W/m 2 ) and Dickinson and Molinari (2002) (220 W/m 2 ) adapted for the 2 days averaged values. This threshold selects 33% of the strongest daily convection during northern summer. The number of convective days per sequence is given in Fig. 7b . It is larger in wet than in dry sequences. The number of days with large convective days in inactive sequences stays between that in wet and dry sequences (not shown). The inter-annual variability of the number of convective days is well linked with the mean OLR in both active sequences (r=À0.85 and À0.75, respectively in wet and dry sequences). The number of events in wet sequences is, on average, twice the number in dry sequences; this relation reaches five in 1977. This value is consistent with the difference of contribution to the mean rainfall between wet and dry sequences. Five years with large convective days (1975, 1977, 1980, 1988 and 1989) show large mean daily rainfall (not shown). Thus, the difference in rainfall contribution for the two sequences can be explained in part by the number of convective days. Le Barbe´and Lebel (1997) concluded that at the inter-annual time scales the difference between a wet and a dry year is explained by a different number of rain events. The number of days with small OLR represents 34% (14%) of the total number of days in wet (dry) sequences. This figure allows us to conclude that, at the intra seasonal timescale, the difference between wet and dry sequences can be partly explained by the number of large convective systems.
The mean daily rainfall per convective day and associated mean standard deviation in wet and dry sequences of the West African Monsoon are plotted in Fig. 8 . When a convective day occurs during a wet sequence, its associated mean daily rainfall is generally larger than when it occurs during a dry sequence. Mean event rainfall in the inactive sequences is generally between mean event rainfall in wet and dry sequences (not shown). At intra seasonal time scales the mean contri- 2 ). The black line represents anomaly of long term mean of annual accumulated rainfall at the Niamey grid box (in mm) Fig. 6 Contribution (%) of days associated with AEWs to the accumulated rainfall inside the sequence from 1968 to 1990 at the Niamey grid box: wet sequence (dark grey bar) and dry sequence (light grey bar). The black line represents the annual accumulated rainfall (in mm) at the Niamey grid box bution to the rainfall of wet and dry sequences is not only explained by the number of systems as previously shown but also by the mean daily rainfall per event. The inter-annual variability is not well marked, as the mean rainfall per event does not change much between wet and dry years: when considering the average of the 15 years, the mean daily rainfall is around 8 mm/day for an event in a wet sequence and 5 mm/day in a dry sequence. This is in agreement with Le Barbe´and Lebel (1997) when they compare the mean rain event amount between years 1950s (wet) and years 1980s (dry). For some years, the difference between the two active sequences are not significant and 2 years are particular: the results for 1984 show the same mean daily rainfall value in wet and dry sequence; and those for 1987 has a larger mean rainfall in dry sequence compare to the wet sequence.
Deep convective days account for around 55% of rainfall in the wet sequences and around 31% of rainfall in the dry sequences (not shown). This is due to both larger number and larger rainfall efficiency of convective days in wet sequences compared to dry sequences. Daily rainfall with hight OLR (OLR>225 W/m 2 ) can represent an important contribution to the accumulated rainfall inside those sequences. They represente 45 and 69% in wet and dry sequences respectively. The origin of large contribution of daily rainfall with large OLR is not well defined. It can be produced either by large and relatively shallow convection or by isolated deep convective systems.
Composite study of wet and dry sequences
A composite study of atmospheric and rainfall related parameters is presented in Fig. 9 . It allows us to investigate the interactions between AEWs, convective activity and rainfall during mean wet and dry sequences considered from day D 0 À10 to day D 0 +10, D 0 being the date for which the index (I) is maximum (wet sequences) or minimum (dry sequences). This composite study results from an average of all sequences from 1968 to 1990 except for OLR, available from 1975 OLR, available from to 1990 OLR, available from (without 1978 . Hoskins et al. (1985) showed that the Saharan Heat Low, in the north flank of the African Easterly Jet (AEJ), reduces the Ertel potential vorticity (PV), while the ITCZ, in the south flank of the AEJ, increases the static stability and thus the PV (Schubert et al. 1991) . These two convection cells establish a large meridional gradient of PV. The composite evolution of the mean meridional PV gradient at 700 hPa (about 315 K) is shown in Fig. 9a . It is the mean gradient between the PV maximum (close to the ITCZ) and PV minimum (close to the Saharan Heat Low). As soon as D 0 À4, there is a decrease of negative meridional PV gradient for the wet sequence (black line). The value stays small between D 0 À2 and D 0 +3 and begins to increase again at D 0 +4. Thorncroft and Blackburn (1999) showed that the AEJ core is mainly located in the area of negative meridional PV gradient. A decrease of this negative value during the wet sequence is associated with a decrease of the magnitude of the AEJ due to conversion of energy from the AEJ to the AEWs by barotropic and baroclinic instabilities. This is consistent with the evolution of AEWs activity in wet sequence depicted from wavelet analysis on the meridional wind field at 700 hPa (Fig. 9b) . The AEWs activity corresponds here to the average energy of wavelet transform in the 3 to 5-day band. An increase appears at D 0 À4. The AEWs reaches its maximum activity at day D 0 +2 and returns to the average at D 0 +7. This evolution is very close to the PV gradient evolution. Figure 9c shows the composite study of the zonal wind shear between 925 and 700 hPa for the two sequences. The 925-700 zonal wind shear depends on the monsoon flow at 925 hPa and the AEJ at 700 hPa. According to Weisman and Rotunno (2004) , the vertical wind shear in low level allows to modulate deep convection. Redelsperger et al. (2002) describe a reference case of a Sahelian weather system during the HAPEX-SAHEL experiment in August 1992, at synoptic and convective system scales. They observe a decrease of the AEJ in the active wave and convective area. Rowell and Milford (1993) show the impact of squall line passages on the wind profile throughout the troposphere. Differences between before and after the squall line are decreases in the monsoon and AEJ magnitudes. A decrease of the 925-700 hPa wind shear is observed as a consequence of the squall line passage. In Fig. 9c , the decrease of the 925-700 hPa wind shear in a wet sequence starts at day D 0 À4, corresponding to the increase of the AEW activity. This decrease of the shear continues until D 0 +1. This minimum value may correspond to a maximum of squall line crossing the area. The return to average value is at D 0 +4.
The 925-200 hPa wind shear is showed in Fig. 9d . The mean value is about 10.5 m/s. A large anomaly starts to increase at D 0 À10 in wet sequence and reaches a maximum during 8 days (11.5 m/s between D 0 À8 and D 0 À1). One day before the date of maximum rainfall index, the 925-200 hPa wind shear decreases rapidly until D 0 +2. According to Redelsperger et al. (2002) convection occurs during a decrease of the wind at 200 hPa in the convection area. Rowell and Milford (1993) Figure 9e shows the mean evolution of convective activity considered in a first approximation as reverse OLR (y axis in Fig. 9e is reversed) . In wet sequence, convective activity increases at D 0 À6. Maximum of convective activity occurs between days D 0 À2 and D 0 +1 when the environmental conditions become favourable. Between D 0 +2 and D 0 +4, convective activity returns to average values.
In Fig. 9f , the mean evolution of the observed rainfall of the West African monsoon is plotted against time. Rainfall starts to increase as soon as day D 0 À6 in a wet sequence, in agreement with the increase of convective activity. Maximum daily rainfall, at D 0 , reaches 8 mm/ day, and remains high (more than 6 mm/day) between D 0 À1 and D 0 +2. This is coherent with the decrease of the 925-700 and 925-200 hPa wind shears and with the evolution of dynamical factors (increase of AEWs activity and minimum of PV gradient). Then rainfall decreases until average at D 0 +4.
During the composite of a dry sequence, the meridional PV gradient stays stationary between D 0 À3 and D 0 +3. Between D 0 À4 and D 0 +5 the PV value is higher during dry sequences compared to wet sequences. This is . This evolution differs from that of a convective system crossing scheme (Redelsperger et al. 2002; Rowell and Milford 1993) . Between D 0 À6 and D 0 +2, Fig. 9e shows an increase of OLR from 235 to 250 W/m 2 meaning weak convective activity. At the same time, daily rainfall decreases and stays at a minimum value (2 mm/day) from D 0 À2 to D 0 +2.
In summary, Fig. 9 shows the evolution of dynamical factors as large and coherent fluctuations during the time of wet and dry sequences (about 10 days). The zonal wind shear during wet and dry sequences on the Niamey grid box do not allow to conclude on the AEJ and TEJ evolution. Figure 10 shows the composite study of latitude cross section of the mean zonal wind at the longitude of Niamey (1.25-3.75°E) between D 0 À10 and D 0 +10. The AEJ is visible with the minimum of zonal wind at 700 hPa (Fig. 10a) during wet (1) or dry (2) sequences. At D 0 À6 AEJ tend to increase in the dry sequence and decrease in wet sequence. The location of the AEJ is more southward during dry than wet sequence. Figure 10b shows the evolution of TEJ (zonal wind at 200 hPa) for wet (1) or dry (2) sequences. This
African Easterly Jet (a)
Tropical Easterely Jet (b) Fig. 10 Latitude cross section (y axis, from Equator to 20°N) of composite study from day D 0 À10 to day D 0 +10 at the longitude of the Niamey grid box (1.25°-3.75°E): a AEJ (U 700 hPa) and b TEJ (U 200 hPa) during wet sequences (1) or dry sequences (2) Jet seems to be enhanced by the hight level divergent circulation associated with the increase of convective activity in the wet sequence. These results obtained at the intra seasonnal scale are very similar to results obtained at the inter annual scales. Newell and Kidson (1984) show the same difference of zonal flows for 1958-1962 (wet period) and 1970-1973 (dry period) . Also in a case study, Redelsperger et al. (2002) observe a decrease of AEJ and an increase of TEJ resulting from a squall line during the HAPEX-SAHEL experiment.
Summary
Using NCEP/NCAR reanalysis, NOAA OLR and observed IRD rainfall over West Africa from 1968 to 1990, the variability of AEWs, convective activity and their relationships with rainfall were investigated in wet and dry sequences of the West African Monsoon.
The number of wet and dry sequences per year remains constant and is not related to the inter-annual variability of rainfall. Generally, the accumulated rainfall during the wet sequences is larger than during the dry sequences but there is a weak correlation to the annual rainfall at the inter-annual timescale. The mean daily rainfall per sequence is well correlated with the annual rainfall. In agreement with Sultan et al. (2003) , the mean daily rainfall in wet sequences is twice the mean daily rainfall in dry sequences (4.25 mm/day for the wet sequences against 2.5 mm/day for the dry sequences).
The wave-days number in the wet sequences is larger than wave-days number in the dry sequences and its inter-annual variability in each sequence is not associated with the inter-annual rainfall variability. Daily rainfall associated with AEWs is larger than daily rainfall without AEW in the three sequences. The AEWs activity during wet years increases in the two sequences, and tends to decrease in dry years. The contribution of rainfall associated with AEWs reaches respectively 40 and 30% in wet and dry sequences. Thus this study hightlights the link between rainfall and AEWs, with an increase of rainfall efficiency of days associated with AEWs and the increase of AEWs activity during a wet sequence. The cumulated rainfall for days with AEWs are large but do not explain the interannual variability of accumulated rainfall in the Sahel area.
Mean convective activity in wet sequences is larger in magnitude than in dry sequences although peaks of convection can occur at anytime. The number of deep convective days in the wet sequences is approximatively twice the number in the dry sequences. Differences in accumulated rainfall between the wet and the dry sequences are partly explained by an increase of the number of convective system events. Besides, the convective system events produce approximately 1.5 to 2 times more rain when they occur in wet sequences compared to dry sequences. Thus, the difference between rainfall in wet and dry sequences is also explained by an enhancement of the convective system rainfall efficiency in the wet sequences. The days with high convective activity constitute 55% (31%) of rainfall in the wet (dry) sequences, but they represente 34% (14%) of total numbers of days in the wet (dry) sequence. Rainfall occuring during days with low convective activity (large OLR) constitutes 45% (69%) of total rainfall during the wet (dry) sequences. Convection associated with this rainfall is not well defined. It is either large shallow convection with weak rainfall efficiency or a few smallsized deep convective systems.
A composite study illustrates the interactions between AEW, convective activity and rainfall during the wet and dry sequences considered from day D 0 À10 to day D 0 +10. It shows for the wet sequences a decrease of the negative values of meridional PV gradient at 700 hPa consistent with the increase of AEWs activity and decrease of the wind shear between 925 and 700 hPa as soon as day D 0 À5. This means that the environmental conditions in the wet sequence are more favourable to developing deep convection.
At the inter-annual timescale there is no clear relationship between rainfall in these sequences and the annual rainfall. However it seems that at the intra seasonal timescale, these fluctuations of the West African monsoon can modulate AEWs, convection and are important features of the rainy season over West Africa.
Conclusion
This study shows evidence of the role of wet sequences (dry sequences) of the West African Monsoon in a coherent enhancement (reduction) of convective activity and associated dynamical forcing. The AEWs are larger, and tend to increase daily rainfall, in wet sequences compared to dry sequences.
